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The results of the electric excitation experiments which have been carried out by many workers in this 6eld all serve as an excellent con6rmation of the general features of the collective model. The existence of a great number of fast E2 transitions, the existence of welldefined rotational spectra, the probable existence of vibrational spectra, and the trends exhibited by the energies and the transition probabilities are all in agreement with the predictions of the model (see I"ig. 8).
There are, however, several important experimental results for which the model does not as yet provide any explanation. The eGective moments of inertia of the rotational levels which have been identi6ed are all larger by factors ranging from three to seven than those which are calculated from intrinsic nuclear deformations measured in other ways. ' "' 4 (That is, the energies of the observed rotational levels are too low by factors of ten to fifty. ) The reason for the apparently sharp break between the regions in the periodic table where the "strong coupling" and the "weak coupling" approximations are applicable is also not well understood. Finally, if the energy levels which are observed in the "weak coupling" region are indeed "vibrational" levels, s4 K. W. Ford, Phys. Rev. 95, 1250 (1954) . then their energies are also much lower'" (factors of roughly ten) than those which would be expected from the crude hydrodynamical estimates worked out in Bohr and Mottelson. ' The fact that both the "rotational" and "vibrational" levels apparently have energies which are smaller by roughly the same order of magnitude than those expected from the model suggests that a revision of the fundamental assumptions about either the nature of the nuclear "Quid" or its distribution in the nuclear volume may be necessary.
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The authors are indebted to Dr. C. P. (Received April 18, 1955) A simple generalization of the extreme shell model, based upon the kinematics of the collective model, is proposed for the correlation of nuclear magnetic moments. It is shown that, if the concept of a rotating core is adjoined to that of the single-particle model, largely in disregard of dynamical considerations, then by the aid of three simple empirical rules ground-state wave functions may be easily constructed which correctly express the parities, spins, and magnetic moments of all nuclei for which A~& 7, with the exception of W'83.
The choice of a particular set of 'empirical rules was dictated primarily by the twofold desire to keep their number to a minimum and at the same time restrict the consequent wave function to but two components; hence, considerable oversimplification of the true state of affairs is inevitable. However, the internal consistency of the results does point up strikingly the previously observed, but not explicitly investigated, possibility that the nature of the variable degrees of freedom required for generalization of the singleparticle model may diGer fundamentally for j=l+1/2 in contrast to j=1 -1/2 single-particle con6gurations -being predominantly those of the core in the former instance and those of the single particle in the latter.
I. INTRODUCTION HE single-particle model of the nucleus, which assumes that the relevant degrees of freedom required for a description of the nuclear ground state are those of the last odd particle (for even-even and odd-even nuclei, and hence no degrees of freedom for the former), leads to the well-known Schmidt values for magnetic mom, ents. Presumably the deviations of the experimental moments from the Schmidt limits are to be accounted for through the interplay of some other degrees of freedom of the nuclear system than those of the last odd particle. One of three main lines of endeavor have usually been followed in the attempt to uncover the nature and signi6cance of these extra degrees of freedom required for an understanding of nuclca, r ground-state properties. to be expected on the basis of an oscillator-plus-particle model, in which it was assumed that the single-particle quantum numbers were good quantum numbers. The model appears qualitatively successful for nuclei with total spin I) 3/2 and for which the single-particle configuration is characterized by j =1+1/2 The re-. 
4'r)"p~(e,8~) =v2N&Q C(j XI; m, M -m)
Xx;"(. )D ., "*(8;) (7 ) We now simply assert that the appropriate nuclear wave function shall transform under rotations according to DI, where I is the magnitude of the total nuclear angular momentum, consisting in general of a sum of that for the odd particle, or particles, and the core.
This leads us directly to at least three possible representations for the system as a whole:
It is useful also to note that 9"D~x"*= P (X+1))'C(X1X;M,y)D~+", x"*,
if the particle is quantized in space, 41$ g~(e', 8;) =Ny g C(j XI; m0)fx;P(e')D~, "r*(8;)
where Q+~--(1/v2) (Q,&i9") and Qo = Q"and where the C's are Clebsch-Gordan coefficients. The parity operation on the'se wave functions leads to 1ID~x'*(yPn) = D~x"*(~y , m -P,~+~) -
( 1) )+xD~x 4 (~P~)
if the particle is quantized in the body;
and and consequently the requirement that the core functions be of even parity demands that they appear only in the combination D~x"*+( 1)"+ D~, x*. -%e here invoke another greatly simplifying assumption, namely that E=O. " This provides immediately the additional consequence that X must always be even. The relevant degrees of freedom for the description of the odd nucleon (if there is one) are presumed to be characterized by the operators L', orbital angular momentum, S', intrinsic spin, J', total particle angular momentum, and J, (or J,'), projection of total particle angular momentum on the space (or body) s-axis. ln where the 5'-function is a Racah coe%cient.
As stated above, the representations (7a) and (7b) in which the normalizing coefficient E& is de6ned by N& --f (2K+1)/(16s') j'*, are essentially the same for our present purpose. They are the representations in which 3'= (Q+ J)' 92 J' L' and 3', are the constants of the motion. Hereafter we shall designate them as the X representation. The simple, but important, connection between the two X representations for particle quantization in space and body coordinate systems should be pointed out here. As is to be expected, they are related by a rotation of particle wave functions. Since (1) The ground states of nuclei are predominantly determined by the degrees of freedom, associated with the last odd particle, or particles, in the nucleus and those associated with the rotation of an axially symmetric core consisting of all but the last odd particle, or particles.
(2) The predominant single-particle configuration in the ground state is that assigned by the single-particle model.
(3) The quantum numbers required to specify these degrees of freedom are taken to be: I, magnitude of total angular momentum; M, space s-component of total angular momentum; /, magnitude of orbital angular momentum of odd particle; s, magnitude of intrinsic spin of odd particle; j = l~s, magnitude of total angular momentum of odd particle; X, magnitude of core angular momentum; and K=0, projection of core angular momentum upon body system of axes. It is further assumed that the core states shall be of even parity -hence in connection with E= 0, X must be even.
(4) a. All nuclei with spin greater than 1/2 and for which j = 7+1/2 are characterized by the good quantum numbers I, M, /, and j; and by a superposition of at most two interacting core states.
b. All nuclei with spin greater than 1/2 and for which j =t 1/2 ar-e characterized by the good quantum numbers I, M, and ); and by a superposition of at most two interacting single-particle con6gurations within the same major shell.
c. Nuclei with spin 1/2 are characterized by the single-particle configuration assigned by shell theory and the nearest interacting core-plus-particle con6guration.
The concept of interacting states implies, of course, some consideration of the nature of the particle-core interaction. Assuming that the predominant part of this intereaction is independent of velocities, we may express it as P Tz, 'D~z (8~) p, Lmm' where TI, ' is the m' component of an I.th rank irreducible tensor in the space of the particle and p is an empirical scalar coeKcient. The matrix elements of such an interaction operator in the representation characterized by the quantum numbers indicated above are Z, (I;Xql; X'q't') = ( I+1/4n. ) ( 1)z+i+~* L(21 +1)(2X +1)(2j+1) X (2 j'+1))'*C(l'Ll; 0,0)C(X'LX; 0,0)W(l j/' j'; 'gL) XW(jj'M. ', LI) 
2I (I+1) for the diagonal elements, and 
The s1~& Nuclei
The pattern of configurational mixing exhibited by these nuclei is particularly interesting. The three nuclei 9F ) ].5P ) and 14Si", which appear in the early 2s shell, seem to behave quite differently from the other members of this group. In the case of 9F", an admixture of either d3~2 or d5~~will account for the observed moment, though considerably less of the d3~~i s needed, a fact which might well be a criterion of preference. However, both 15P" and 14Si" must be admixed with the d3/2.
Hut it is to be noted that in both of these instances the preceding dsis subshell has been filled. " ( Its observed moment cannot be fitted.
The pcs Nuclei
The assumption of but= one single-particle state and two core states is very satisfactory here. It is to be observed that configurational mixing with fixed P would not adequately account for these moments. Rev. 93, 193 (1954) .
The dsJ2 Nuclei
Again in this group there is a case, 11Na", in which the total spin is not the single-particle spin. The d5~2 assignment for the single-particle configuration is the natural one and, because of the active core, the fact that the total spin is not equal to the single-particle spin presents no difficulties. Again the calculated moments for this case have been shown as dashed lines and the observed moment as a solid triangle in Fig. 3 .
It is seen that this magnetic moment is quite consistent with the general pattern.
It is clear that the moments of all of the nuclei in this group are satisfactorily accommodated by one single-particle configuration and two core states. If one invokes the selection rule A(U, '2) consequent upon the assumption of predominantly quadrupole interaction between particle and core, one notices there is some correlation between a preference for higher spin corestate admixtures (X = 2,4), rather than the lower (X=0,2), and increasing mass.
There are only three examples in this group, two of which, 37Rb" and 3OZn'7, behave quite regularly, the mixing configuration being the nearby p&~&. In both cases this particular type of admixture is favored as a consequence of pairing in the subshell of higher spin. Conversely, the nucleus 70Yb'" appears here as somewhat of an anomaly (though hardly as an exception), since the spin-orbit partner must be admixed in order to account for its moment. One would expect little or no mixing of fr 2 (in contrast to p3~2) with the f~~~, because of the relatively large spin-orbit separation, made still larger when a pair in the 7/2 subshell is broken up in favor of a pair in the 5/2 subshell. 
The f&~2 Nuclei
All of the odd-proton nuclei in this group and three of the odd-neutron members, 2oCa", 22Ti", and 22Ti", appear between the major-shell closings at 20 and 28.
Thus, in terms of a rotating core-plus-single-particle model, one might expect little likelihood of configurational mixing here, as the degrees of freedom associated with single-particle configurations lying below closed shells should presumably exhibit little or no independence. However, admixture of core states quite satisfactorily accounts for all of the magnetic moments in this group.
It is especially to be noted that we have here two more examples (2~Mn" and 22Ti'~) of the situation in which the single-particle spin and nuclear spin are not the same, but that again core activity provides a simple accounting for boths pins and. moments. If the selection another nucleus, 34Se", whose measured spin does not correspond to the spin of the single-particle configuration to which it has been assigned.
The h9&2 Nuclei
This group is important because of the presence in it of 83Bi~'. Though Blin-Stoyle and Perks have been able to account for the magnetic moment of this nucleus by their procedure of pure configurational mixing, it has remained anomalously large within the context of the collective model according to the investigations of Bohr and Mottelson" and Kerman. '~H owever, the latter authors predicated their assumptions as to the character of the ground state upon energy considerrule A(XX'2) is to be invoked for the core-state mixing for the members of this group, it is seen that in all cases except 23V" and~oCa4' the core states (X=2,4) are required.
Again for some members of this group configurational mixing to account for the moments is possible only if core-state admixture is simultaneously invoked.
The g7~2 Nuclei
All of the single-particle configurations for this group lie between the major shells at 50 and 82. The natural interacting configuration is the nearby d5f2, and it is apparent from Fig. 4 that admixture of this configuration satisfactorily accommodates all of the magnetic moments of these nuclei. Calculated magnetic Odd proton (4 9/2 0 9/2) /J, = 6.79 (4 9/2 2 9/2) p= 6.21 (4 9/2 4 9/2) p= 4. 8'/ (4 9/2 6 9/2) p, = 2.75 (4 9/2 8 9/2) p= -0.14 Observed Nucleus Odd neutron (4 9/2 0 9/2) p= -1.91 (4 9/2 2 9/2) p= -1.48 (4 9/2 4 9/2) y= -0.32 (4 9/2 6 9/2) p= 1. 43 (4 9/2 8 9/2) y= 3.82 (4 9/2 2 7/2) p= -1.78 (4 9/2 4 7/2) p= -0.42 Secondly, it has been assumed that the single-particle degrees of freedom associated with configurations lying below closed shells are so tightly bound into the core that these levels are no longer available for configurational mixing. Accordingly the 4f&/2 aild Sgg/2 ground states must be characterized by an admixture of diGerent core states rather than of diGerent singleparticle states. The first of these considerations was employed primarily as a guide in the selection of single-particle parameters to characterize the ground state. The second was invoked as an empirical rule. There is thirdly a consideration of major interest and importance which, however, was ignored in the construction of the rules and arises rather as a consequence of the application of the model than as a guide to its application. This is the question of the relative energy separation of the pair of levels employed in the construction of the ground-state wave function to that of other possible pairs. In accordance with the assumption that the ground-state energies are predominantly determined by the dynamics of the single particle, one would expect configurational mixing to be characterized by a relatively small admixture of that configuration which lies nearest to the single-particle-state assignment for a Calculated magnetic moments, (l, j, ), I)
Odd proton Odd neutron (5 9/2 2 9/2) p=2.55 (3 7/2 2 9/2) p=5.80 ('5 9/2 0 9/2) @=2. 62
Observed Observed Nucleus I Bi'og 9/2 4.08 (K) (5 9/2 2 9/2) p, = 1.62 (3 7/2 2 9/2) 8= -1.10 (5 9/2 0 9/2) w= I.56 particular nucleus. Since the core must be active (X40) in either the case of configurational admixture -in which case it is the mechanism that makes possible the combination of different single-particle-spin states into a state of fixed total spin -or the case of core-state mixing, by definition; the question of the relative energy separation of pure particle states to that of pure core states is not of dominant importance. Thus, the fact that the single-particle quantum numbers are good in the case of i+1/2 particle assignments, whereas conversely the core quantum numbers are good for 7, 1/2 p-article assignments, is apparently primarily a consequence of the presence or absence of interacting single-particle states lying close to a given /+1/2 or i -1/2 configuration, respectively.
The situation is most strikingly illustrated by the high-spin nuclei. The configurations Sg9/2 and 4f~/2 lie between major-shell closings which enclose no interacting single-particle configurations. Conversely the levels 6h9/9 Sg7/2 and 4fb/2 all have interacting nearby levels. The odd neutrons in the S f7/, level do lie close to the 6hg/~, and indeed an appropriate admixture of the hg/2 with the fq/2 will account for the magnetic moments of this group; but if the hg/2 f7/2 separation is suKciently great, core-state admixing in the ground states of these nuclei would be preferred.
The assumption of core-state admixture for the d5/2 and p3/2 nuclei and configurational mixing for the d3/p acquires less clear-cut a posteriori justification from attempts to estimate the energy contributions from admixed single-particle configurations, the rearrangement of pairs, and admixed core states. It is often possible, by treating each nucleus in these groups as a special case, to choose a digerent characterization of particular ground states than was employed herein and still account for the magnetic moment while simultaneously improving the situation in the light of the crude energy considerations indicated above. However Noting, however, the consistent predominance of the core state X=2 in the ground states of the odd-even nuclei, we have taken as starting assumptions that j I and X=2 will be of major importance in the construction of the ground states here also. The particle quantum numbers are again taken to be those associated with the single-particle con6guration assignments of the extreme shell model. Although configurational mixing might be expected in those cases in which one or both of the single-particle assignments is f -1/2, it is found that pure core-state admixture successfully accounts for all of the moments of the odd-odd nuclei. The signi6cance of this apparently simpler situation's obtaining for these nuclei in comparison to the oddeven is not clear. I. (15) 2I (I+1) For X=O and j=I, this reduces to
